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a b s t r a c t
The definition of ‘‘residual gas” can be found in different scenarios, such as the ‘‘fast” and ‘‘slow” desorption methods of measuring gas content and the sorption hysteresis test and gas management of coal
mines, however, its meaning varies a lot in different contexts. The main aim of this paper is to discuss
the existence of truly undesorbable residual gas in coal seam conditions and its impacts on sorption
model and gas drainage efficiency. We believe the undesorbable residual gas does exist due to the observation of the extended slow desorption test and the sorption hysteresis test. The origin of undesorbable
residual gas may be because of the inaccessible (closed or semi-closed) pores. Some gas molecules produced during coalification are stored in these inaccessible pores, since the coal is relatively intact in the
coal seam condition, these gas molecules cannot escape during natural desorption and then create the
undesorbable residual gas. Based on the existing adsorption models, we propose the improved desorption
versions by taking into consideration the role of residual gas. By numerically simulating a gas drainage
case, the gas contents after different drainage times are studied to understand the influence of residual
gas content on gas drainage. The results indicate that the influence starts to be obvious even when the
total gas content is at a high level, and the impact becomes more and more apparent with increasing drainage time. Our study shows that the existence of residual gas will impede the gas drainage and the total
amount of recoverable coal seam methane may be less than expected.
Ó 2017 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
The adsorption isotherm of coal reflects the relationship
between gas pressure and the adsorbed gas content. Because both
the gas pressure and the gas content are very important in order to
accurately predict gas outburst, coal seam gas (CSG) drainage and
coalbed methane (CBM) production, much attention has been
given to improving the adsorption models which can reproduce
the adsorption isotherms. In this regard, the Langmuir model is
the simplest and most widely used, and it can provide a reasonable
fit in most cases [1]. Based on the assumption that gas sorption in
coal includes not only adsorption but also an absorption process,
an additional absorption coefficient k is introduced in the dual
sorption model. In consideration of the heterogeneous characteristic of the coal surface, the Dubnin-Radushkevich (D-R) model
incorporates the parameters of temperature, pore size distribution
and coal-gas affinity. The general form of the D-R model is called as
⇑ Corresponding author at: Mine Safety Technology Branch, China Coal Research
Institute, Beijing 100013, China.
E-mail address: wgdcumt@gmail.com (G. Wang).

the D-A model, in which an extra integer is included in order to
account for pore size distribution [2]. As the original D-R and DA models cannot be used to describe supercritical gas sorption,
Sakurovs et al. proposed a modified version using gas density
rather than gas pressure [3].
The above adsorption models represent different sorption
mechanisms. They are accurate in describing the pure gas adsorption process in coal, but both CSG drainage and CBM recovery are
depressurization processes rather than pressurization processes.
Our previous study has found that: in addition to the different
paths between desorption and adsorption isotherms, an obvious
feature of desorption isotherms is the existence of residual gas
content [2]. In other words, part of the gas content in coal cannot
be released even when the ambient gas pressure is very low. In
previous field practices ‘‘residual gas” also plays a significant role
in determining the total gas content using the direct method, but
the meaning varies according to different determination methods.
In this paper, the definitions of ‘‘residual gas” in different scenarios
are discussed. The existence and origin of undesorbable residual
gas are analysed. New desorption models are proposed which considers the amount of residual gas. Using the improved desorption

http://dx.doi.org/10.1016/j.ijmst.2017.07.019
2095-2686/Ó 2017 Published by Elsevier B.V. on behalf of China University of Mining & Technology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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model, the impact of residual gas content on gas drainage is analysed through numerical simulation.
2. Concepts of residual gas in different scenarios
Taking residual gas content into consideration was first put forward in the ‘‘direct method” to determine the desorbable gas volume of raw coal by Bertard et al. [4]. This method involved
crushing the sample for 20–30 min in a metal cup and before
crushing, the air in the cup is replaced by pure CH4. A ‘‘declined
curve method” was proposed by McCulloch et al. to estimate the
residual gas instead of crushing, but this method has not been
widely used [5]. Two important concepts regarding the measurement of residual gas were suggested by Diamond and Levine,
where the residual gas is defined as the volume of gas left in the
coal after desorbed volumes have decreased to insignificant levels,
and a sealed ball mill is used to crush the coal sample [6]. The measurement of gas content with a rigorous definition of residual gas is
called as the ‘‘slow” desorption method, in which the determination of the ‘‘insignificant level” is important. Ulery and Hyman proposed a termination level range from 0.05 cc/g/day over a oneweek period up to 10 cc/day per sample, and other definitions such
as ‘‘any reading must be less than 1% of the cumulative gas desorbed” can also be found [7,8].
Although given the same name, the essence of residual gas
determined from ‘fast’ desorption methods differs from that of
‘‘slow” desorption methods. Fast desorption methods were developed for a number of reasons. These include: (1) the relatively long
time of natural desorption required by a slow desorption method
may not be acceptable when the results are urgently demanded
for mine safety purposes; (2) when a CO2-mixed gas condition is
encountered, the slow desorption method may induce CO2 dissolution in the measuring water; (3) low-rank coals have the tendency
of producing their own gas during long periods of time [8,9]. In fast
desorption method, the collected coal sample will be immediately,
in some cases with a short time of delay, crushed after being transferred to the laboratory.
Obviously, the measured residual gas content contains a certain
amount of gas which can naturally desorb. Using the fast desorption method developed by the CSIRO, we measured about 500 total
and residual gas contents from two adjacent longwall working
faces in the Bulli coal seam in the Sydney Basin [10]. The result
is shown in Fig. 1. As all the sampling locations have been impacted
more or less by gas drainage (up to 3 years), the total gas content
varies greatly and the volume of residual gas decreases as total
gas content decreases. This indicates that a large amount of residual gas can be drained from a coal seam by providing a long leading
time. However, the proportion of residual gas appears to increase
as the total gas content decreases and this means the easy-torelease gas (Q1 and Q2) is depleting and the residual gas would
be ‘‘stubborn”.

Fig. 1. Change of residual gas content (red dots), the proportion of residual gas to
total gas content (black dots) with respect to total gas content measured using the
fast desorption method.

The hysteresis phenomenon between adsorption and desorption isotherms has been found extensively, which indicates the
adsorbed gas molecules are trapped in the coal during desorption.
When the samples are exposed to atmospheric conditions or the
gas pressure becomes vacuum, the amount of gas remaining in
the coal can be seen as residual gas, as shown in Fig. 2.
The concept of residual gas can also be found when discussing
the effect of gas drainage, for example: ‘‘CMM did not appear economic under the considered conditions due to slow recovery rates
and high residual gas content”; ‘‘(see if) pre-drainage of methane
from a coal seam can be accelerated and the residual gas content
reduced to negligible levels” [12,13]. In these contexts, the residual
gas content refers to the volume of gas adsorbed in a unit of coal
after a period of gas drainage, rather than the residual gas content
measured by the direct method.
From the above discussion, we can see that in a broad sense,
residual gas is the amount of gas, no matter whether it is adsorbed,
absorbed or dissolved after a certain time of gas release. While for a
rigorous definition, residual gas is the undesorbable gas in coal
after complete natural desorption in the atmosphere, such as the
measurements using the slow desorption method and the desorption isotherm experiment.

3. Existence and origin of residual/undesorbable gas
An important question is whether the undesorbable residual
gas really exists or is due to experimental error, such as insufficient
waiting time. We believe the residual gas does exist and cannot
desorb during CSM drainage or CBM production.
The first evidence is found from the work of Black, who measured the residual gas content of Sydney Basin Coal using both fast
and slow desorption methods [14]. During the slow desorption
test, extended desorption time (more than 200 days) was used
and the results showed the extra waiting time had little effect on
the residual gas content. In other words, the measured residual
gas is truly undesorbable. Table 1 shows the component percentages of lost gas, desorbed gas and residual gas from fast and slow
desorption test results, and the true residual gas content ranges
between 0.7 and 1.0 m3/t of methane and 1.5–1.9 m3/t of CO2.
Full sorption equilibrium has a large influence on the accuracy
of the experimental results in gas isotherm tests. In order to measure the amount of residual gas content in an isotherm test, we
carried out several adsorption and desorption tests at the University of Wollongong and a long equilibrium time was used. The coal
samples are from the Sydney Basin and three different sample sizes
(0.15–0.50 mm, 0.50–1.13 mm, and 1.13–2.36 mm) were selected.
The main experimental procedure was similar to the normal sorption test, except that the samples were exposed to a dry atmosphere for at least 72 h at the end of desorption process [11].
Equilibrium was only assumed to be reached when the change of
gas content was less than 0.001 mol/g during the last 24 h. The
measured residual gas content is shown in Fig. 3.
It can be seen that residual gas exists in all experimental groups
and this indicates that part of the adsorbed gas cannot desorb from
the coal sample even when there is an extended waiting time. Similar to the results of the slow desorption method, the residual gas
content of the methane (about 1 m3/t) was less than that of the
CO2 sorption (2–3 m3/t). No apparent trend of residual gas content
can be found when the average sample size, both for methane and
CO2 sorption, is increased.
As discussed above, results from the slow desorption test and
the sorption isotherm test both confirm the existence of residual
gas. Since physical sorption is normally considered to be reversible,
the origin of the residual gas needs to be understood. Mercury
intrusion and adsorption methods, such as 77 K nitrogen sorption
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Fig. 2. Experimental results from the literature.

Table 1
Component percentages from fast and slow desorption test results [15].
Method

Lost gas

Desorbed gas

Residual gas

Fast desorption
Slow desorption

5%–10%
5%–10%

12%–17%
75%–90%

73%–83%
5%–15%

samples used in the sorption isotherm test are not crushed any further during the test, the measured residual gas cannot be related to
closed pores. We believe it is due to the change of pore accessibility
induced by matrix swelling, which may also cause the occurrence
of sorption hysteresis [2].
4. Desorption model with consideration of residual gas

and 273 K CO2 sorption, have been used extensively to investigate
the pore size distribution and specific surface area of coal. These
methods rely on the accessibility of mercury/N2/CO2 to pores, i.e.,
if the pores are closed to or restricted in access by mercury/N2/
CO2, they cannot be detected. Small angle X-ray scattering (SAXS)
and small angle neutron scattering (SANS) techniques can provide
the means to probe the inner structure and pores of coal. Numerous studies show the porosity and surface area measured by SAXS
and SANS are larger than any of the values obtained using other
techniques, and this is attributed to the existence of inaccessible
(closed or semi-closed) pores [16–19]. The origin of residual gas
content from the slow desorption test can thus be understood, as
shown in Fig. 4. Some gas molecules were produced during coalification and stored in inaccessible pores. Although these gas molecules cannot escape during natural desorption, some of the
inaccessible pores are opened when the bulk coals are crushed,
and the residual gas content can be measured.
In the Chinese standard method of measuring coalbed gas content in the mine (AQ1066-2008), coal samples are crushed to measure the first part of the residual gas, and then vacuumed and
heated to examine the remaining amount of residual gas. Using
this method, a certain amount of gas can be detected from the second step, in which gas comes from semi-closed pores rather than
closed pores. This proves that ‘‘inaccessible” is a relative concept,
an inaccessible semi-closed pore under one condition may be
accessible under another. Similarly, previous studies show an inaccessible pore for one gas may be accessible for another [20]. As coal

The existing adsorption models describe different interaction
mechanisms between coal and gas. For example, the Langmuir
model (Eq. (1)) is based on the assumption of monolayer adsorption, the dual sorption model (Eq. (2)) is based on a combination
of Henry’s law and monolayer adsorption, and the D-A and D-R
(Eq. (3)) models are based on pore filling theory.

V ¼ V0

P
PL þ P

ð1Þ

(

  2 )
P0
V ¼ V m exp D ln
P
V ¼ kP þ V 00

P
P0L þ P

ð3Þ

where V is the sorption volume of methane and CO2; V0 the maximum gas sorption capacity; P the gas pressure; PL the gas pressure
when the sorption volume is equal to 0.5 V0 ; Vm the volume of
micropores; D a constant for a particular gas-coal system, and it is
equal to ðRT=bEÞn , where R is the gas constant; T experimental temperature; E the characteristic energy of the adsorption system; and
b the gas affinity coefficient; k Henry’s law dissolution constant; V 00
and P0L are Langmuir-like constants in the dual sorption model.
None of these models, however, incorporates the accessibility of
pores, which is unrelated to gas pressure. They may perform well
when used to match the adsorption test results, but for CBM production and CSG drainage, coal blocks are relatively intact and a
certain amount of residual gas cannot be released from closed
pores and inaccessible semi-closed pore. These models overestimate the desorbable gas volume, especially at low gas pressure.
Based on the above adsorption models, we propose desorption versions of the above adsorption models by incorporating a term of
residual gas content Vr:

V s ¼ V r þ V 0d

P
PLd þ P
(

Fig. 3. Residual gas content of sorption test and the impact of sample size.

ð2Þ

ð4Þ

 2 )
P0
V s ¼ V r þ V md exp D ln
P


ð5Þ
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Fig. 4. Illustration of the origin of residual gas from slow the desorption method.

5. Impact of residual gas content on gas drainage

Fig. 5. CO2 adsorption (red dots) and desorption (black dots) isotherm of Sydney
Basin coal.

In order to illustrate the influence of residual gas content on gas
drainage, we compare the gas drainage effect using Langmuir
adsorption model and the improved Langmuir desorption model.
All the derivations are based on the following assumptions: coal
is a dry, homogeneous, isotropic and elastic continuum; the system
is isothermal; desorbable gas in accessible pores is ideal and its viscosity is constant under isothermal conditions; gas flow through
the coal matrix is assumed to be a viscous flow obeying Darcy’s
law; and gas adsorption only takes place in the matrix and the
sorption swelling is induced only by adsorption in the matrix.
For a unit of coal, the mass of gas in the coal matrix can be written
as [22]:

mm ¼ V s qc qsg þ /m pm M=RT
Table 2
Correlation coefficients of adsorption and desorption model fitting.
Model

Adsorption data

Desorption data

Langmuir adsorption model
Dual adsorption model
D-R adsorption model
Langmuir desorption model
Dual desorption model
D-R desorption model

0.998
0.999
0.998
–
–
–

0.970
0.970
0.965
0.999
0.999
0.998

V s ¼ V r þ kd P þ V 00d

P
P0Ld þ P

where Vs is the adsorbed gas volume; qc the density of coal; qsg the
density of gas at the standard condition; /m the porosity of coal
matrix; M the gas molar mass; R the gas constant; T the
temperature.
The transport of gas in coal matrix incorporates the diffusion
mode and the interchange between free gas and adsorbed gas. By
applying the mass conservation law to the coal matrix and assuming isotropic condition, we can obtain:

@mm
¼ Q s
@t
ð6Þ

where the subscript d represents the corresponding coefficient of
desorption model. Taking one of our CO2 adsorption/desorption isotherm test results as an example (Fig. 5), Eqs. (1)–(3) are used to fit
adsorption and desorption data and Eqs. (4)–(6) are used to fit desorption data. The calculated correlation coefficients R2 are shown in
Table 2. It can be seen that the adsorption models do not fit the desorption data very well because of the existence of residual gas, and
the correlation coefficients are very close to 1 when incorporating
the residual gas term in the desorption models.
An important question for the application of the desorption
model is how to estimate the amount of residual gas. As the sorption isotherm test does not reflect the impact of crushing on the
residual gas content, we suggest the real value of the residual gas
content is larger than the value measured by the sorption isotherm
test, while smaller than the sum of values measured by the slow
desorption and sorption isotherm tests. For Sydney Basin Coal, it
is between 3 and 5 m3/t for CO2, and between 1 and 2 m3/t for
methane. It should be noted that the relationship between inaccessible pores and coal properties are region dependent, further studies are recommended to understand the characteristic of residual
gas content of different area and coal seam [21].

ð7Þ

ð8Þ

where D is the diffusion coefficient; and Qs the interchange between
matrix and cleat. Substituting Eqs. (7) into (8) and neglecting the
change of matrix porosity with respect to time, it can be gained
that:

qc qsg

@V s
@p
þ ð/m M=RTÞ m ¼ Q s
@t
@t

ð9Þ

Using P&M model to represent the coal permeability under uniaxial deformation and constant confining stress condition, the permeability of coal cleat can be expressed as:

"
/f ¼ /f 0

# 

cm
K
1þ
ðpf  pf 0 Þ þ
 1 ðes  es0 Þ
Mc
/f 0

ð10Þ

where the subscript 0 represents the reference status; cm the coal
cleat compressibility; K is the bulk modulus; Mc the constrained
axial modulus; and es the sorption induced volumetric strain. They
can be calculated as:

Mc ¼
K¼

Eð1  v Þ
ð1 þ v Þð1  2v Þ

Mð1 þ v Þ
3ð1  v Þ

ð11Þ
ð12Þ
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g
K
cm ¼ 
þf 1 c
M
M

ð13Þ

where c is the solid compressibility; f and g the given parameters.
An extensively used relationship between gas content of sorption
and the behaviour of matrix swelling is the linear relationship
[23–25]:

es ¼ aV s

8V P q q
0d Ld c sg @pm
>
þ ð/m M=RTÞ @p@tm ¼  1s MðPm  P f Þ=RT
>
ðP Ld þpm Þ2 @t
>
>
>
2
3
>
@pf
V PLd @pm
>
K
>
< pf cm @t þ apf ðMc  1Þ ðPL0d
þpm Þ2 @t
4
5 ¼ 1 MðPm  Pf Þ=RT


s
@pf
kpf
>
þ/
þ
r


r
p
>
f @t
f
l
>
>
>
>

h
n
>
>
: k ¼ k0 1 þ cm ðp  p Þ þ a K  1 V 0d pm  V 0d
f
f0
Mc
/
/
P þpm
P
f0

f0

Ld

pm0

io3

Ld þpm0

ð14Þ

ð25Þ

Combined with the cubic law, the porosity and permeability of
coal cleat can be rewritten as:

It can be seen that the difference between equation sets 24 and
25 comes from the impact of the residual gas content Vr on the
Langmuir coefficients V0 and PL which are V0d and PLd in the desorption model. The residual gas content itself is not presented in the
governing (gas flow) equation sets, however it controls the relationship between the gas pressure and the gas content of the coal
seam. To illustrate the influence of residual gas on gas drainage,
COMSOL Multiphysics is used to calculate the above equation sets.
The parameters used in the numerical simulation are selected from
the literature [26–28] as shown in Table 3.
An axisymmetric coal block with 10 m radius and 4 m height is
built and there is a borehole with 0.04 m radius in the middle of
the block. Constant vacuum pressure (0 MPa) is applied to the edge
of the borehole and zero flux boundaries are applied to the other
sides of the coal block. Equation sets 24 and 25 are used to simulate the drainage effects of residual and non-residual gas conditions. The initial gas contents of the coal before drainage are
14.46 m3/t for both conditions, and the impact of drainage on gas
contents at different times can be calculated as shown in Fig. 6.
In order to compare the impacts of using different models on
the drainage effects, the gas contents of coal at different distances
to the borehole boundary after 3 years of drainage are shown in
Fig. 7. The gas content at the borehole boundary is very close to
the residual gas content for the result of desorption model, and is

"

# 

cm
K
1þ
ðpf  pf 0 Þ þ
 1 ðaV s  aV s0 Þ
Mc
/f 0

/f ¼ /f 0
(

k ¼ k0 1 þ

ð15Þ

)3


cm
1
K
ðpf  pf 0 Þ þ
 1 ½aðV s  V s0 Þ
/f 0 Mc
/f 0

ð16Þ

The mass of gas contained in the fracture of a unit volume of
coal can be defined as:

mf ¼ /f pf M=RT

ð17Þ

Applying mass conversation law to gas flow in fracture, we can
get:



@mf
q
þ r   krpf ¼ Q s
@t
l

ð18Þ

Substituting Eqs. (16) into (15), we can get:



pf M @/f /f M @pf
q
þ
þ r   krpf ¼ Q s
l
RT @t
RT @t
@/f
@t

where

ð19Þ

can be calculated from Eq. (11):



@pf
@/f
K
@V s
1
¼ cm
þa
Mc
@t
@t
@t

ð20Þ

By applying the ideal gas law, the relation between gas density
and pressure can be described as:

Mp
q¼ f
RT

ð21Þ

Hence Eq. (19) can be rewritten as:

2
4

pf cm
þ/f



3
s
þ a MKc  1 @V
@t
5 ¼ Q s
kp
þ r  ð lf rpf Þ

@pf
@t

@pf
@t

ð22Þ

The source term Qs from the sorption matrix is described by the
exchange between coal matrix and coal cleat which can be de
denoted as:

1
Q s ¼  MðPm  Pf Þ=RT

ð23Þ

s

where s is the diffusion time. Eqs. (9) and (22) are the governing
equations of gas flow in coal matrix and coal cleat, and the term
of permeability in Eq. (19) can be calculated from Eq. (14). Using
Langmuir adsorption (Eq. (1)) and desorption model (Eq. (4)) to represent the sorption volume in coal matrix separately, Eqs. (9) and
(22) can be expressed as:

Table 3
Parameters used in numerical simulation.
Parameter

Value

Young’s modulus of coal E (MPa)
Poisson’s ratio of coal m
Density of coal qc (kg/m3)
Gas dynamic viscosity (l Pa s)
Langmuir adsorption volume of methane V0 (m3/t)
Langmuir adsorption pressure of methane PL (MPa)
Langmuir desorption volume of methane V0 (m3/t)
Langmuir desorption pressure of methane PL (MPa)
Residual gas content Vr (m3/t)
Initial porosity of coal matrix ð/m Þ
Initial porosity of coal fracture ð/f Þ
Initial permeability of coal fracture k0 (m2)
Diffusion time (s s)
Initial gas pressure in coal matrix pm (MPa)
Initial gas pressure in coal fracture pf (MPa)
Coal temperature T (K)

2700
0.34
1250
1.84105
17.4
0.61
15.9
0.58
1.136
0.05
0.012
11017
1.73105
3.0
3.0
303

8 V 0 PL qc qsg @p
m
þ ð/m M=RTÞ @p@tm ¼  1s MðPm  Pf Þ=RT
>
>
ðP L þpm Þ2 @t
>
>2
3


>
>
@pf
>
@pm
V 0 PL
>
< 6 pf cm @t þ apf MKc  1 ðP þp
2 @t
7 1
L
mÞ


4
5 ¼ s MðPm  Pf Þ=RT
@pf
kpf
>
þ/
þ
r


r
p
>
f @t
f
>
l
>
>
>

h
n
io3
>
>
:
m
m0
 V 0 PLpþp
k ¼ k0 1 þ /cm ðpf  pf 0 Þ þ /a MKc  1 V 0 PLpþp
f0

f0

m

m0

ð24Þ

Fig. 6. Gas content after 1 year’s drainage using desorption model.
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Fig. 7. Relationship between gas content and the distance to the borehole boundary
after 3 year’s drainage.

be detected by crushing or heating the coal sample during the gas
content measurement.
The existing adsorption models fail to reflect the influence of
residual gas and they are improved by incorporating a residual
gas content term. The improved models show more accurate desorption test results. Two governing equation sets of gas flow in coal
seam have been built based on the Langmuir adsorption model and
an improved Langmuir desorption model. The result demonstrates
that the difference comes from the impact of the residual gas content on the Langmuir coefficients while the residual gas content
itself is not presented in the gas flow equations. The gas drainage
effects are studied through numerical simulation and the results
indicate that the influence of residual gas starts to appear even
when the gas content is high, and its impact becomes more and
more apparent with increasing drainage time.
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